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ORIGINAL RESEARCH
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ABSTRACT
Inflammation and infection are key promoters of colon cancer but the molecular interplay between these
events is largely unknown. Mice deficient in leukotriene B4 receptor1 (BLT1) are protected in inflammatory
disease models of arthritis, asthma and atherosclerosis. In this study, we show that BLT1¡/¡ mice when bred
onto a spontaneous tumor (ApcMin/C) model displayed an increase in the rate of intestinal tumor
development and mortality. A paradoxical increase in inflammation in the tumors from the BLT1¡/¡ApcMin/C

mice is coincidental with defective host response to infection. Germ-free BLT1¡/¡ApcMin/C mice are free from
colon tumors that reappeared upon fecal transplantation. Analysis of microbiota showed defective host
response in BLT1¡/¡ ApcMin/C mice reshapes the gut microbiota to promote colon tumor development. The
BLT1¡/¡MyD88¡/¡ double deficient mice are susceptible to lethal neonatal infections. Broad-spectrum
antibiotic treatment eliminated neonatal lethality in BLT1¡/¡MyD88¡/¡ mice and the BLT1¡/¡MyD88¡/

¡ApcMinC mice are protected from colon tumor development. These results identify a novel interplay
between the Toll-like receptor mediated microbial sensing mechanisms and BLT1-mediated host response in
the control of colon tumor development.

KEYWORDS
Colon cancer; inflammation;
BLT1; chemokines;
microbiota; MyD88; host
response; leukotriene B4;
inflammation and cancer

Introduction

Inflammation and infection are key promoters of cancer but the
molecular interplay between these events are unclear.1-4 Recent
studies have highlighted the importance of microbiota in mod-
ulating immunity, inflammation and cancer.5-7 Dysbiosis-
mediated inflammation has been shown to the promote colon
cancer progression and various mechanisms that link bacteria
to tumor growth are beginning to emerge.6,8-10 Clinical studies
outlined an association of pathogenic gut bacteria such as Strep-
tococcus bovis11-15 Helicobacter pyroli16, Bacteroides fragilis17,
Escherichia coli18, Prevotella8 and Fusobacterium spp19 to pro-
gression of colorectal cancer (CRC). Adenomatous polyposis
coli (APC) is a well-characterized tumor suppressor and
mutations in the APC gene are associated with both hereditary
and sporadic colon cancers in humans.20 ApcMin/C mice carry-
ing a germ-line mutation in the APC gene develop multiple
polyps in the small intestine and are a widely used model for
intestinal cancers.21 It is known that inflammation mediated by
Toll-like receptors in a MyD88 dependent manner promotes
intestinal tumor development in ApcMin/C mice.22

Leukotriene B4 (LTB4), a proinflammatory mediator produced
by the rapid sequential actions of 5-lipoxygenase and leukotriene

A4 hydrolase on arachidonic acid is a potent leukocyte chemoat-
tractant.23 LTB4 mediates its effects through two G-Protein cou-
pled receptors (GPCRs), BLT1 and BLT2.24-26 Absence of BLT1,
the high affinity receptor for LTB4, protects mice from develop-
ing inflammatory arthritis, airway hyper responsiveness and
delays the progression of atherosclerosis.24,26-30 Recently, BLT2
was shown to mediate chemotherapy resistance in many cancer
types.31 Since colon cancer is considered to be strongly promoted
by inflammation, we crossed the BLT1¡/¡ mice32 onto the Apc-
Min/C background21 to examine the role of LTB4/BLT1 axis in the
development of intestinal tumors. As with the other chronic
inflammation promoted disease models, we anticipated protec-
tion from tumor development in BLT1¡/¡ApcMin/C mice. How-
ever, a paradoxical increase in inflammation and intestinal
tumor development in the BLT1¡/¡ApcMin/C mice was observed.
In a series of experiments, we identified that defective host
response in BLT1¡/¡ApcMin/C mice translate into altered gut
microbiota, increased MyD88 dependent inflammation and
enhanced intestinal tumor development. The BLT1¡/¡ mice also
displayed enhanced tumor burden in carcinogen (azoxyme-
thane)-induced inflammation (dextran sodium sulfate) promoted
colon tumor model. Using germ-free mice, we demonstrated that
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colon tumor development in the BLT1¡/¡ApcMin/C is dependent
on gut microbiota.

Methods

Mice

Previously described BLT1 deficient mice (> F9 on C57 BL/6
background)32 were crossed with C57BL/6-ApcMin/C obtained
from the Jackson Laboratory (Bar Harbor, ME) to generate
BLT1C/C, BLTC/¡ and BLT1¡/¡ in ApcMin/C background.
MyD88¡/¡ and MyD88C/¡ mice in the background of
BLT1¡/¡ and BLT1¡/¡ApcMin/C mice were also generated
using standard breeding protocols. Mice with MyD88 dele-
tion displayed neonatal lethality that was further exacerbated
with BLT1 deletion. Breeders harbouring a MyD88¡/¡ allele
(MyD88¡/¡, BLT1¡/¡MyD88¡/¡, MyD88¡/¡ApcMin/C and
BLT1¡/¡MyD88¡/¡ApcMin/C) were maintained on Enrofloxa-
cin (Baytril) at 165 mg/L in drinking water that gave a daily
dosage of »25 mg/kg until the pups are weaned between 21
and 28 d of age. All the experimental mice were maintained
on regular autoclaved water and housed in ventilated cages in
barrier facility under specific pathogen free conditions at the
research resources center of the University of Louisville. All
the experimental protocols have been approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at Uni-
versity of Louisville.

Genotyping

DNA was extracted from tail-snips of mice using a Direct
PCR lysis reagent (Viagen Biotech) according to the manu-
facturer’s instructions. Genotyping PCR for ApcMin/C was
performed according to Jackson Laboratories. The genotyp-
ing PCR for BLT1 and MyD88 were performed as described
previously.32,33

Survival of mice

Mice (ApcMin/C, BLT1C/¡ApcMin/C, BLT1¡/¡ApcMin/C) were
passively followed for long-term survival. Significance of differ-
ences in survival was determined by the Mantel-Haenszel/ Log-
rank test. The survival rates of the BLT1¡/¡MyD88¡/¡ mice
were calculated using data from several rounds of breeding
between BLT1¡/¡MyD88C/¡ mice. All pups were genotyped on
day 3 and percent survival rates for 3 different genotypes
BLT1¡/¡MyD88C/C, BLT1¡/¡MyD88C/¡, BLT1¡/¡MyD88¡/¡

were calculated on day 15. Statistical analysis was performed by
using the Mann-Whitney U test with Graph Pad Prism 4
software.

Measurement of haematocrits

The retro orbital eye bleeds (200 mL) were collected into hepa-
rin coated microvettes (Sarstedt) and analyzed using the Hema-
vet-950 Haematology System (Drew Scientific) at the indicated
ages. Statistical analysis was performed using the Mann-Whit-
ney U test with Graph Pad Prism 4.0 software.

Micro positron emission tomography (PET) imaging

Age matched (»100 d of age) ApcMin/C, BLT1¡/¡ApcMin/C and
BLT1C/¡ApcMin/C were used for Micro Positron Emission
Tomography (PET) imaging studies. The mice were fasted
overnight (16 hours) and then injected 100 mCi of 9-(4-(18)F-
Fluoro-3-[hydroxymethyl]butyl)guanine ([18F]FHBG) at 37�C.
The images of these mice were collected using microPET R4
small animal and rodent PET scanner for both temporal profile
of radioactivity uptake and total activity profile at the end of
1 hour. The “Acquisition Sinogram Image Processing using
IDL’s VirtualMachine” (ASIPro VMTM) was used for image
reconstruction and data analysis. We uniformly (Intensity
ranging from 0 to 100) reconstructed transverse, coronal and
sagittal images from the image file. We measured the maxi-
mum, minimum, mean, median and total activity levels in a
fixed (25 pixel width x 25 pixel height) Region of Interest
(ROI) in all the 3 planes.

Histopathology

Mice were killed at 2 different time points (40 d and 110 days).
The entire intestinal tract was removed and flushed with 1X
PBS using a blunt-end syringe to remove fecal material. The
cleaned intestine divided into 4 parts consisting of the large
intestine (including colon and cecum) and 3 equal length sec-
tions of the small intestine as proximal, middle and distal parts.
Tissues were fixed with 10% neutral formalin and paraffin
embedded. The sections were cut at 5 mm thickness and one of
the sections used for hematoxylin and eosin (H&E) and others
for immunohistochemical analysis.

Enumeration of polyps

The small intestines and colons were dissected and washed with
1X PBS, longitudinally opened and spread on the filter paper
and fixed in the 10% formalin for 16 hrs followed by transfer-
ring into 70% alcohol. The tumors were counted and sized
under stereomicroscope containing reticule eyepiece. Polyps
were categorized as <1 mm, 1–2 mm, 2–3 mm and >3 mm
size. The mean number of tumors/mouse § SEM, and the
mean tumor diameter (mm) in the group § SEM were calcu-
lated for the small intestine and colon separately. Statistical
analysis was performed using the Mann-Whitney U test using
Graph Pad Prism 4.0 software. Microadenomas in the intes-
tines of 40 day old mice were counted and sized using Swiss-
roll H&E sections under calibrated Aperio imageScope.

Immunohistochemistry (IHC)

BrdU
The proliferative activity of the cells in the polyps was deter-
mined by measuring the incorporation of 5 0-bromo-2 0-deoxy-
uridine (BrdU). Briefly, 1 ml of BrdU (1 mg/ml) was given i.p.
and mice were killed after 2 hrs and intestines isolated and par-
affin embedded for sectioning. IHC for the detection of BrdU
was performed using BrdU In Situ-Detection kit from BD
PharmigenTM according to manufacturer’s instructions. BrdU-
positive nuclei (brown nuclei) cells were manually counted per
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field at 200x magnification. Statistical analysis was performed
using the Mann-Whitney U test.

b-catenin and COX-2 immunohistochemistry
The b-catenin-specific mouse monoclonal antibody (Clone E-5,
1:100) and COX-2 specific Goat polyclonal antibody (clone M-
19, 1:50) were used for IHC. After 1 hr incubation with the
primary antibody at room temperature, the slides were washed
twice with 1X PBS (5 min per wash), and then incubated with
the secondary antibody solution (biotinylated goat anti-mouse
IgG 1:200 for b-catenin, biotinylated donkey anti-goat IgG
1:200 for COX2) for 30 min at room temperature. Visualization
of b-catenin was done by using ABC staining system (Santa
Cruz Biotechnology, California). Negative controls for all stain-
ing were done by omitting primary antibodies or including
isotype controls.

TUNEL
Apoptotic cells in the colon tumors were determined using ter-
minal deoxynucleotidyl transferase-mediated nick end-labeling
(TUNEL) assay. The apoptotic cells were detected using In Situ
Cell Death Detection Kit, Fluorescein (Roche) according to
manufacturer’s instructions. The green fluorescence images
were captured using Nikon Eclipse TE300 fluorescence micro-
scope. TUNEL-positive cells were manually counted per field at
200 x magnification.

mRNA expression analysis by microarrays and real-time
PCR

Total RNA was prepared from small intestine and colon tissues
of WT and BLT1¡/¡ mice as well as from size matched tumors
of BLT1¡/¡ApcMin/C and ApcMin/C mice (105–110 d age) using
TriZol and followed by RNeasy Minikit from Qiagen. The
RNA was treated with DNase using Turbo DNase kit, Ambion
Inc. Microarray analysis of these samples was performed using
whole mouse genome chip (Mouse 430 2.0 array, Affymetrix)
according to standard protocols. Experimental and sample
preparation variations were standardized by applying the global
scaling procedure to all absolute analysis data using constant
global target intensity. The data was analyzed using Affymetrix’
MAS 5 algorithm for probe set summarization and followed by
pair wise comparison. For quantitative real-time PCR, 1 mg of
total RNA was reverse transcribed in 50 ml reaction using Taq-
Man reverse transcription reagents (Applied Biosystems) using
random hexamer primers. 2 ml of cDNA and the 1 mM real
time PCR primers (Real Time Primers, LLC, Elkins Park, PA)
were used in a final 20 ml qPCR reaction with ‘power SYBR-
green master mix’ (Applied Biosystems). Real time qPCR was
performed in ABI-Prism 7900 sequence detect system (Applied
Biosytems). Expression of the target genes was normalized to
b-actin and displayed as fold change relative to the wild type
sample. Data are representative of tumors/tissues isolated from
at least 5 different mice for each genotype.

Fluorescence in situ hybridization (FISH)

To detect bacteria in the lungs of BLT1¡/¡MyD88¡/¡, the
paraffin embedded cross sections of whole lungs were first de-

paraffinized and de-hydrated by sequential changes of xylene
(3 times) and alcohol (100% 1 time; 95% 1 time; 70% 1 time)
for 5 min. The slides were air-dried and incubated with oligo-
nucleotide probe (50-GCT GCC TCC CGT AGG AGT-30) com-
plementary to a region of the 16 S rRNA, a highly conserved
domain in Bacteria. The probe is labeled with Cy3 fluorophore
at 50 end (Integrated DNA Technologies, CA). The hybridiza-
tion was performed in the presence of 50 ml of hybridization
buffer (100 mM Tris-HCl, pH 8.0, 0.9 M NaCl, 35% formam-
ide) containing Eub338 probe (5 ng/ml). A large coverslip was
placed on the slides and carefully pressed until the hybridiza-
tion solution was evenly distributed over the respective section
and incubated for 1 hr in humidified chamber at 46�C. The
coverslip was carefully removed and the slides were rinsed with
distilled water and incubated with DAPI solution (0.5 mg/ml)
for 10 min followed by 5 min 1X PBS wash (3 times) at room
temperature. The slides were mounted with aqueous anti-fade
mounting media (BioMedia, CA). The fluorescence images
were captured using Nikon Eclipse 80i with Texas Red/DAPI
emission filter sets.

Dextran sodium sulfate (DSS) induced Colitis

Mice received 3% DSS (36–50 kD; MP Biomedicals) in drinking
water ad libitum for the duration of the experiment. The weight
of the mouse was measured on Day 0 of the experiment and
was used as 100% for calculating weight loss. Mice were killed
and blood was removed by intracardiac puncture. The spleen,
liver, mesenteric lymph nodes, and the colon including cecum
were aseptically removed. The spleen, liver and mesenteric
lymph nodes were stored on ice in sterile 1X PBS. The length of
the colon was measured. The colon washed with 1X PBS to
remove fecal matter and divided into 3 equal parts. The medial
colon was opened longitudinally and washed with sterile 1X
PBS and blotted to remove excess water. Each tissue was
homogenized with an ultra-turrax T8 homogenizer
(Ika-Werke) and serially diluted samples were plated on tryptic
soy agar plates and allowed to incubate for 24 h. Colonies were
counted and total CFUs were determined.

AOM/ DSS -induced colon cancer

Mice were given azoxymethane (AOM) (10 mg/kg) i.p. 7 d
before administration of DSS. 2% DSS was given in drinking
water in 3 cycles of 7 d on DSS followed by 14 d on normal
drinking water with an additional 13 d of drinking water alone
in the last cycle. Mice were killed, colons removed and the
length measured. Colons were opened longitudinally and
examined under a dissecting stereo microscope for tumor
counting.

Generation of germ-free mice

Germ free mice (BLT1¡/¡ and BLT1¡/¡ApcMin/C) were gener-
ated and maintained at Taconic, Germantown, NY. The mice
at the age of 40 d and 110 d were killed and the polyp numbers
counted and compared with specific pathogen free (SPF) ani-
mal facility at University of Louisville.
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Microbiota analysis

The fecal bacterial DNA was isolated using QiAmp stool
DNA isolation kit from wild type (n D 5), BLT1¡/¡

(n D 5), MyD88¡/¡ (n D 5), BLT1¡/¡MyD8¡/¡ (n D 5),
ApcMin/C (n D 8), BLT1¡/¡ApcMin/C (n D 10), MyD88¡/¡

ApcMin/C (n D 5), BLT1¡/¡MyD8¡/¡ApcMin/C (n D 5)
mice. The 16 S rRNA gene V1-V3 regions was amplified
using primers, 27f (AGAGTTTGATCCTGGCTCAG) and
534 r (ATTACCGCGGCTGCTGG). These primers were
anchored with adapters and Multiplex Identifiers (MIDs)
for 454 sequencing to distinguish various samples in a sin-
gle 454 sequencing reaction. The PCR cycling conditions
were 95�C for 5 min, followed by 30 cycles of 94�C for
30 seconds, 56�C for 30 seconds, and 72�C for 1 min and
30 seconds with a final extension period of 8 min at 72�C.
The quadruplicate PCR amplicons were purified using
AMPure magnetic bead kit and quantified using Quat-iT
Picogreen kit. The amplicons were divided into 6 groups,
where each group contains 10 individual samples contain-
ing unique MIDs incorporated into primer sequences. The
pooled amplicons sequenced using 454/Roche GS FLX sys-
tem or 454Roche Jr according to manufacturer’s protocols.
The microbiota data analysis was performed using QIIME
platform scripts (www.qiime.org). The sequences were rare-
fied at randomly selected 2000 sequences and further down-
stream analysis was performed. The microbial classification
was performed using GreenGenes reference database
(gg_13_8_otus) using QIIME tools (www.qiime.org).34 The
sequences reference picked into Operational Taxonomic Units
(OTUs) by clustering 97% sequence similarity (uclust) using
the GreenGenes reference data set gg_13_8_otus and classified
at various taxonomic ranks (phylum, order, class, family, genus,
and species). We generated the a-diversity plots (which
describe the richness and/or evenness of taxa in a single sam-
ple) and the b diversity principle coordinate plots generated
using phylogenetic metrics generated using UniFrac distances
using QIIME pipeline.35

Semi-quantification of Akkermansia muciniphila
by real time PCR

The real time PCR primers targeting variable regions of 16 S
rRNA gene of Akkermansia muciniphila (FP: 50
GCCTCAGCGTCAGTTAATGT 30, RP: 50 AGGCTGTTTCG-
TAAGTCGTG 30) were synthesized. Universal primers (FP: 50
TGCAYGGYYGTCSTCAGCTCGTG 30 RP: 50 TGACGT-
CYTCCRCYCCTTCCTC 30) were used to normalize the levels
of total bacteria in the sample. Total fecal DNA (1 ng) was used
as template in 20 ml SyBR (Applied Biosystems) reaction mix-
ture and the RT PCR was performed at 50�C for 2 min and
then 95�C for 10 min and followed by 40 cycles at 95�C for
10 seconds and 58�C for 45 seconds. The PCR reactions were
subjected to heat dissociation protocol present in ABI prism
7900 sequence detection system to confirm the presence of sin-
gle and unique PCR product. Reaction mixtures without geno-
mic DNA were also used as negative controls to confirm the
absence of primer-dimer formation. The relative amount of
DNA is compared with control (average of 4 samples of

ApcMin/C fecal DNA) using 2¡DDCt method36 by normalizing
with universal primer PCR product in all the experiments. The
real time PCR products were purified and sequenced to confirm
the authenticity of products belongs to intended bacteria.

Intestinal permeability assay

The gut barrier integrity was assessed by intestinal permeability
assay using FITC-dextran (MWav D 4000; FD4). The mice
were fasted overnight. The FD4 (80 mg/mL PBS) was adminis-
tered by oral gavage (600 mg/kg bodyweight) to fasted mice.
The plasma was collected after 2 h and the FD4 leakage was
measured on a fluorescence plate reader.

Results

Accelerated mortality and tumorigenesis in BLT1¡/¡ApcMin/C

mice

To examine the function of BLT1 in intestinal tumorigenesis,
BLT1¡/¡ mice were crossed to ApcMin/C mice to generate com-
pound mice. The BLT1¡/¡ApcMin/C mice on an identical genetic
background and housing conditions displayed a significant
increase in mortality relative to ApcMin/C mice (Fig. 1A). Litter-
mate heterozygous mice (BLT1C/¡ApcMin/C) showed intermedi-
ate survival patterns suggesting a gene dosage dependent effect.
The life expectancy of BLT1¡/¡ApcMin/C at 102 d was »30%
less than the 156 d for ApcMin/C mice. Progression of intestinal
tumors is associated with severe anemia in ApcMin/C mice. Anal-
yses of haematocrit showed that age matched BLT1¡/¡ApcMin/C

mice were severely anemic relative to ApcMin/C mice (Fig. 1B).
Micro Positron Emission Tomography (MicroPET) imaging
indicated higher levels of metabolic activity in the intestines of
BLT1¡/¡ApcMin/C compared with ApcMin/C mice (Supplemen-
tary Fig. 1). Age matched (»110 days) BLT1¡/¡ApcMin/C mice
showed significantly increased number of tumors compared with
ApcMin/C mice in the small intestine and the colon (Fig. 1C-D
and Supplementary Figure 2A, B). Most notably, there is a pre-
dominance of larger tumors both in small intestines (> 1 mm)
and in colons (> 3 mm) of the BLT1¡/¡ApcMin/C mice (Fig. 1E
and Supplementary Figure 2C). Several large tumors are clearly
visible in the colons of BLT1¡/¡ApcMin/C mice with many of
them nearly occluding the lumen (Fig. 1F). Thus, it is evident
that tumors are initiated at much higher rate and grew larger in
BLT1¡/¡ApcMin/C mice. In ApcMin/C mice intestinal tumors are
initiated by the loss of heterozygosity during the first few weeks
of life.37 To examine the role of BLT1 at early stage of tumori-
genesis, we assessed tumor formation at the age of 40 d in Apc-
Min/C and BLT1¡/¡ApcMin/C. There is detectable anemia, an
indirect marker for tumor burden in these mice that is signifi-
cantly more in BLT1¡/¡ApcMin/C mice relative to ApcMin/C mice
(Supplementary Figure 3A). Consistent with this finding,
histopathological examination showed the presence of more
micro adenomas in the small intestines of BLT1¡/¡ApcMin/C

mice (Supplementary Figure 3B, D) compared with ApcMin/C

mice. While there were no detectable colon tumors in
ApcMin/C mice at this stage, several colon tumors including some
large tumors were observed in BLT1¡/¡ApcMin/C mice (Supple-
mentary Figure 3C, E).
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Figure 1. Increased mortality and tumorigenesis in BLT1¡/¡ApcMinC mice. (A) Kaplan-Meier plot of survival from ApcMin/C (n D 27) (blue), BLT1C/¡ApcMin/C (n D 29)
(green), and BLT1¡/¡ApcMin/C mice (n D 29) (red) are shown. Difference in survival of ApcMin/C mice compared with other 2 strains was determined to be significant by
the Mantel-Haenszel/Log-rank test (P< 0.0001). (Mean survival for ApcMin/C (156 days), BLT1C/¡ApcMin/C (126 days), and BLT1¡/¡ApcMin/C (102 days). (B) Severe anemia
in BLT1¡/¡ApcMin/C mice. Hematocrit values were determined for the indicated mice at the age of »110 d. Statistical analysis was performed using Mann-Whitney U test
(��� D P< 0.001). (C-F) Increased intestinal tumor burden in BLT1¡/¡ApcMin/C mice. Total number of polyps in the small intestine (C) and colon (D) were quantified by ste-
reoscopic microscopy in age matched (100–110 d old) ApcMin/C (n D 18) and BLT1¡/¡ApcMin/C (n D 12) mice using longitudinally opened tissue sections. (E) The size dis-
tribution of colon tumors in ApcMin/C (blue bar) and BLT1¡/¡ApcMin/C (red bar) was measured. There was a significant increase in the large sized tumors (> 2 and >3
mm) in BLT1¡/¡ApcMin/C when compared with ApcMin/C. Statistical analysis was performed using Mann-Whitney U test. Error bars, § SEM. �, P < 0.05; ��, P < 0.01; and
���, P < 0.001. (F) Representative cross section images of colons stained with Hematoxylin and Eosin (H&E) shows increased number and size of tumors in BLT1¡/

¡ApcMin/C compared with ApcMin/C. Images were captured using Aperio Image scope, Aperio Technologies Inc.
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Increased proliferation and decreased apoptosis
in BLT1¡/¡ApcMin/C tumors

Since colonic tumors appear earlier and progress more rapidly in
BLT1¡/¡ApcMin/C mice relative to ApcMin/C mice, it is possible
that molecular events required for the initiation and progression
are accelerated in these mice. To explore these mechanisms, we
determined the nuclear translocation of b-catenin, rates of prolifer-
ation and apoptosis in size matched tumors from BLT1¡/¡ApcMin/

C mice and ApcMin/C mice. Colon tumors from BLT1¡/¡ApcMin/C

mice displayed an increase in b-catenin nuclear localization
(Fig. 2A), an increase in rate of proliferation (increase in BrdU pos-
itive cells) (Fig. 2B) as well as a decrease in apoptosis (decrease in
TUNEL positive cells) compared with tumors from ApcMin/C mice
(Fig. 2C). These results demonstrate that activities associated with
rapid tumor development are increased in the tumors from
BLT1¡/¡ApcMin/Cmice.

Enhanced colitis associated colon tumor development in
BLT1¡/¡ mice

Inflammatory bowel diseases (IBDs) such as Crohn’s disease and
ulcerative colitis are often associated with progression to colon can-
cer development in humans.38 Inmice, treatment withDSS induces
colitis, presumably due to direct epithelial damage and ensuing
inflammation. To examine the role of BLT1 in colitis, we subjected
the BLT1¡/¡ mice to the DSS model. Mice were given 3% DSS in
drinking water and monitored for weight loss and survival over a

15 day period. The BLT1¡/¡ mice are more susceptible to DSS-
induced colitis and significant loss of body weight compared with
WT mice (Fig. 3A). The shortening of colon lengths is one of the
hallmarks of colitis due to increased inflammation. The colon
lengths of DSS-treated BLT1¡/¡ mice were significantly reduced
compared withDSS-treatedWTmice (Fig. 3B). The histopatholog-
ical examination of colons (distal, medial, and proximal) showed
significantly greater of loss of crypts in BLT1¡/¡ mice compared
with WT (Supplementary Figure 4). A portion of the colon, the
mesenteric lymph nodes (MLN), spleen, and liver from the DSS-
treated mice were analyzed for the total tissue bacterial content on
tryptic soy agar (TSA) for aerobic and TSA Blood Agar for anaero-
bic bacteria. The total bacterial loads [colony-forming units
(CFUs)] in various organs in DSS-treated mice indicated that
BLT1¡/¡ mice has increased systemic bacterial burden compared
with WT mice (Fig. 3C). DSS-induced colitis strongly promotes
AOM-induced colon cancer in mice.4 In AOM-DSS colon tumor
model, the BLT1¡/¡ mice showed a significant increase in colon
tumor development (Fig. 3D and E). Overall, these studies suggest
that absence of BLT1 significantly increased DSS-induced inflam-
mation and promotes carcinogen induced colon tumors.

Defective host-response in tumors from BLT1¡/¡ApcMin/C

mice

Increased inflammation promotes development of intestinal
tumors.1,4,39 Genes involved in promoting inflammation and

Figure 2. Analysis of b-catenin localization, proliferation and apoptosis in BLT1¡/¡ApcMin/C tumors. (A) IHC analysis of b-catenin staining of colon adenomas of ApcMin/C

and BLT1¡/¡ApcMin/C mice. The polyps from the BLT1¡/¡ApcMin/C mice showing more intense nuclear localization of b-catenin relative to the colon polyps ApcMin/C.
(B) 5-bromo-2-deoxyuridine (5-BrdU) injected into mice 2 hrs before sacrificing the mice. The cross section of colons stained with BrdU antibody. Immunohistochemical
(IHC) analysis of 5-BrdU-incorporation showed a significant increase in the number of proliferating cells in colonic polyps of BLT1¡/¡ApcMin/C mice. (C) Terminal deoxynu-
cleotidyl Transferase Biotin-dUTP Nick End Labeling (TUNEL) stain performed on colons of ApcMin/C and BLT1¡/¡ApcMin/C mice. The number of TUNEL positive apoptotic
cells are significantly decreased in BLT1¡/¡ApcMin/C tumors compared with ApcMin/C mice. Statistical analysis was performed using Mann-Whitney U test. Error bars,
§ SEM and ���, P < 0.001.
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Figure 3. BLT1¡/¡ mice are more susceptible to DSS induced colitis and AOM/DSS induced colon tumorigenesis. Wild type (WT) and BLT1¡/¡ mice received 3% DSS in
drinking water ad libitum for the duration of the experiment. (A) The bodyweights of wild type (n D 10) and BLT1¡/¡ (n D 8) mice were measured every 2 d for 2 weeks
using weight at Day 0 of the experiment as 100% for calculating weight loss. (B) The mice were killed at day 14 and colon length of BLT1¡/¡ (n D 10) was significantly
reduced compared with wild type mice (nD 11). (C) Tissue bacterial loads of DSS treated Wild type (nD 8) and BLT1¡/¡ (nD 8) mice. The spleen, liver, mesenteric lymph
nodes, and the colon were aseptically removed and each tissue was then homogenized in sterile 1X PBS and was serially diluted and plated on tryptic soy agar plates and
incubated for 24 hrs at 37�C. Colonies were counted and total CFUs were determined based on the total volume of the specimens. (D-E) Increased incidence of azoxyme-
thane (AOM)/DSS induced colon cancer in BLT1¡/¡ mice. The number of polyps in colon increased in BLT1¡/¡ mice treated with AOM/DSS (D), and representative colon
images of AOM-DSS treated BLT1¡/¡ and BLT1C/C mice are shown (E). The red arrows point to visible tumors. Statistical analysis was performed using the Mann-Whitney
U test. Error bars, § SEM. �, P < 0.05; ��, P < 0.01; and ���, P < 0.001.
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tissue repair are upregulated in ApcMin/C tumors in a MyD88
dependent manner.22 Therefore, we measured the mRNA levels
of inflammatory markers and positive regulators of tumorigene-
sis such as tumor necrosis factor-a (TNF-a), interleukin (IL)-6,
CXCL1/KC and cyclooxygenase-2 (COX-2) 4,40 in size-matched
tumors from the colon of BLT1¡/¡ApcMin/C and ApcMin/C

(Fig. 4A). The data shows that IL-6, CXCL1/KC, TNF-a and
COX2 are elevated in tumors from BLT1¡/¡ApcMin/C compared
with ApcMin/C mice. The increase in COX2 expression in
BLT1¡/¡ApcMin/C tumors relative to ApcMin/C tumors was also
observed by IHC (Fig. 4B and Supplementary Figure 5).
Increased intestinal tumorigenesis in BLT1¡/¡ApcMin/C mice
may be directly related to the increased inflammation.

The increase in inflammation in tumors from BLT1¡/¡

ApcMin/C raises a critical question; why the loss of a pro-
inflammatory mediator (LTB4-BLT1 axis) increased inflam-
mation in this instance, whereas loss of BLT1 reduced
inflammation in models of asthma, arthritis and atheroscle-
rosis.26-30 To explore the potential mechanisms, global
changes in gene expression profiles in these tumors were
determined using microarrays. In addition to increased
expression of inflammatory/tumor promoting markers such
as IL-6, KC, COX2, etc., the array analysis also revealed a
novel pattern of genes that are downregulated in tumors
from BLT1¡/¡ApcMin/C mice relative to ApcMin/C mice. In
particular, the top 10 genes that were downregulated
included angiogenins (Ang1 and Ang4), indoleamine-pyr-
role 2, 3 dioxygenase (IDO), and regenerating islet-derived
3 g (Reg IIIg, REG3G) (Supplementary Fig. 6). Each of
these proteins was shown to possess strong direct bacteri-
cidal activity.41-46 Angs and Reg3 g display specific killing
activity on gram-positive bacteria such as Listeria monocyto-
genes and Enterococcus faecalis. The relative expression of
these genes determined in the individual tumor samples
shows a direct contrast with the up regulation of inflamma-
tory markers (Fig. 4). The angiogenin mRNA levels
(Fig. 4C) were also consistent with the changes in protein
levels determined using a common Ang-specific antibody
by Western blotting (Fig. 4D).

Germ-free BLT1¡/¡ApcMin/C mice are free of colon cancer

LTB4-BLT1 axis has been implicated in protection against
bacterial and viral infections by producing anti-microbial
proteins and peptides.47-50 To examine the role of BLT1
and microbiota mediated host response in colon tumor pro-
gression, germ free BLT1¡/¡ApcMin/C mice were generated.
The germ-free BLT1¡/¡ApcMin/C mice showed complete
absence of colon polyps (Fig. 5A). Recolonizing these mice
at the age of 50 d with fecal bacteria from specific pathogen
free (SPF) BLT1¡/¡ApcMin/Cmice led to the development of
several colon polyps by 110 d indicating a critical role for
fecal bacteria in promoting colon cancer (Fig. 5B). The
germ-free mice developed similar level of small intestinal
polyps as mice housed under SPF condition (Fig. 5C-D).
Histopathological examination also confirms the complete
absence of colon tumors and similar levels of small intesti-
nal tumors in germ-free mice relative to mice maintained
under SPF conditions (Fig. 5E).

MyD88 is essential for promoting tumor development in
BLT1¡/¡ApcMin/C mice

MyD88 plays an important role in host defense and was shown
to be a critical mediator of tumor promoting inflammation.22,51

This is in contrast with the LTB4/BLT1 axis, which also appears
to be important in host defense but seems to offer protection
against tumor development. To examine the interplay of host
defense and tumor promotion, we crossed MyD88¡/¡ mice
with BLT1¡/¡ to generate double deficient mice. The 3 possible
offspring from the BLT1¡/¡MyD88C/¡ crosses are born at
the expected Mendelian ratios but all the double deficient
(MyD88¡/¡BLT1¡/¡) mice died very early with few pups living
up to 14 d (Fig. 6A). The double deficient mouse which sur-
vived the longest was very sick and half the size of its
heterozygous littermate (Fig. 6B). Histopathological and micro-
biological examination showed infections of multiple organs
including lungs and liver. The massive lung infections were
delineated by Fluorescence In Situ Hybridization (FISH) analy-
sis with bacterial probes (Fig. 6C). Microbiological examination
showed that the death of some of the double deficient mice
could be attributed to Pasteurella pneumotropica infection that
does not seem to affect the littermate heterozygous and WT
animals. Treatment with a broad spectrum antibiotic, Baytril,
completely protected the MyD88¡/¡BLT1¡/¡ mice from neo-
natal lethality (Fig. 6A).

Since the BLT1¡/¡MyD88¡/¡ mice could be kept alive by
treatment with broad spectrum antibiotics, we generated
BLT1¡/¡MyD88¡/¡ApcMin/C mice to examine the role of
MyD88 mediated inflammation in tumor promotion in the
BLT1¡/¡ApcMin/C mice. As control, we also developed
MyD88¡/¡ApcMin/C mice. As reported earlier,22 the MyD88¡/¡

ApcMin/C mice are highly protected with normal haematocrit
(Fig. 6D) and greatly reduced tumor burden in both small intes-
tines and colon (Fig. 6E, F). Analysis of tumor development in
BLT1¡/¡MyD88¡/¡ApcMin/C mice showed that MyD88 depen-
dent signaling is essential for the acceleration of tumor develop-
ment seen in the BLT1¡/¡ApcMin/C mice (Fig. 6 G-I). These
results suggest that MyD88 acts downstream of BLT1 in tumor
promotion and the absence of BLT1 likely results in enhanced
activation of MyD88 dependent signaling.

Microbiota promotes colon tumorigenesis in BLT1¡/¡

ApcMin/C mice

Since germ-free mice were completely protected from colon
tumor development, we examined the gut microbiota in Wild
type, BLT1¡/¡, ApcMin/C, BLT1¡/¡ApcMin/C along with
MyD88¡/¡ mice in the above backgrounds by 16 S rRNA gene
sequencing. The fecal bacteria are majorly composed of Bacter-
oidetes and Firmicutes accounting up to »80% (Fig. 7A) total
bacteria. The levels of Firmicutes and Verrucomicrobia signifi-
cantly increased (26.8% vs 18%; 7.3% vs 2.1%) and levels of
Bacteroidetes were significantly decreased (57.7% vs 52%) in
BLT1¡/¡ApcMin/C compared with ApcMin/C (Fig. 7A).

The analysis at genus levels indicated an overall significant
increase in anaerobic bacteria, Akkermansia muciniphila in
BLT1¡/¡ApcMin/C compared with ApcMin/C mice fecal samples
(Fig. 7B). Increased levels of Akkermansia muciniphila in

e1361593-8 V. R. JALA ET AL.



Figure 4. Increased inflammatory and decreased host defense markers in BLT1¡/¡ApcMin/C tumors. (A-B). The mRNA levels were measured by qRT-PCR using SyBR green
dye (Applied Biosystems) from size matched colon tumors of ApcMin/C and BLT1¡/¡ApcMin/C mice (105–110 d age old). Data are representative of tumors/tissues isolated
from at least 5 different mice for each genotype. (A). mRNA levels of inflammatory mediators (TNF-a, IL-6, CXCL1 and COX2) are significantly increased in colonic tumors
of BLT1¡/¡ApcMin/C compared with ApcMin/C mice. Statistical analysis was performed using the Mann-Whitney U test. Error bars, § SEM. �, P < 0.05; ��, P < 0.01; and
���, P < 0.001 (compared with ApcMin/C). (B). Immunohistochemical analysis indicates increased expression of COX2 in the colon tumors of BLT1¡/¡ApcMin/C compared
with ApcMin/C mice. (C) The relative mRNA levels of host defense proteins (Ang, Ang 4, IDO and Reg3g) were reduced in BLT1¡/¡ApcMin/C compared with
ApcMin/C mice colon tumors. (D) Western blot analysis of angiogenin expression in colons and colon tumors of BLT1¡/¡ApcMin/C compared with ApcMin/C.
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Figure 5. Germ-free BLT1¡/¡ApcMin/Cmice were protected from colon cancer. (A). Gross appearance of longitudinally opened colons from BLT1¡/¡ApcMin/Cmice raised
and maintained in specific pathogen free (SPF) and germ free (GF) conditions. (B). BLT1¡/¡ApcMin/C mice (n D 12) maintained in germ free facility are highly protected
from developing colon tumors compared with SPF facility maintained BLT1¡/¡ApcMin/C mice (n D 12). Oral gavage of fecal material from the SPF BLT1¡/¡ApcMin/C mice
to germ-free BLT1¡/¡ApcMin/C mice (GF_FD; n D 8) resulted in colon tumor development in these mice. (C). Longitudinally opened distal small intestines of
BLT1¡/¡ApcMin/Cmice maintained specific pathogen free (SPF) or germ free (GF). (D). BLT1¡/¡ApcMin/C mice maintained in germ free or SPF facility developed similar
number of small intestinal tumors. E. The representative H and E stained swiss roll sections of small intestine (distal) (left panel), colon (right panels) of the BLT1¡/

¡ApcMin/C mice maintained at GF and SPF facilities. Images were captured using Aperio Image scope.
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Figure 6. MyD88 acts downstream of BLT1 in promoting intestinal cancer in ApcMin/C mice. (A). BLT1/MyD88 double knockout mice are susceptible to lethal neonatal
infections. Percent survival of the offspring from BLT1¡/¡MyD88C/¡ cross (total of 15 litters from 8 different breeding pairs at day 15). Treatment of BLT1¡/¡MyD88C/¡

females during gestation and postpartum with a broad-spectrum antibiotic Baytril (enrofloxacin at 165 mg/L in drinking water that gave a daily dosage of »25 mg/kg)
completely reversed the early lethality of BLT1¡/¡MyD88¡/¡ pups. (B). Double deficient (BLT1¡/¡MyD88¡/¡) mice are smaller compared with the littermate heterozygous
mice (BLT1¡/¡MyD88C/¡). (C) H&E stained cross section images of lung from (BLT1¡/¡MyD88¡/¡ mice (top panel). The bacterial infection was detected by FISH
analysis (lower panel) with Eub338-Cy3 probe (red) and nuclei of lung parenchyma stained with DAPI (blue). (D-I). The BLT1¡/¡MyD88¡/¡ApcMin/C and littermate control
animals were generated and maintained on Baytril water. The hematocrits (D), number of small intestine polyps (E) and colon polyps (F) were evaluated at 110 d age-old
mice. The frequency of small intestinal tumors (G) and size ranges of tumors in both small intestine (H) and colons (I) were analyzed. The overall tumor burden in mice
lacking MyD88 significantly reduced in both BLT1C/C and BLT¡/¡ApcMin/C context indicating that MyD88 acts downstream of BLT1 in promoting intestinal cancer. Statisti-
cal analysis was performed using the Mann-Whitney U test. Error bars, § SEM. ��, P < 0.01; and ���, P < 0.001.
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Figure 7. Modulation of gut microbiota and barrier dysfunction in BLT1¡/¡ApcMin/C. The gut microflora (fecal bacteria) was identified by sequencing 16 S rRNA gene
using Roche 454 sequencer from indicated genotype (WT, n D 5; BLT1¡/¡, n D 5; ApcMin/C,n D 8; BLT1¡/¡ApcMin/C n D 10; MyD88¡/¡ApcMin/C (n D 5); BLT1¡/¡MyD8¡/

¡ApcMin/C (n D 5)). The 16 S rRNA gene (v1-v3 regions) sequences were uploaded on to QIIME pipe line (http://qiime.sourceforge.net/#). The distribution of phylum (A)
and genus levels (B) among genotypes were identified. Genus level analysis suggested significant increase in Akkermansia muciniphila. (C). The relative amounts of Akker-
mansia muciniphila from the fecal contents of indicated mice was quantified using real time PCR as described in methods. Statistical analysis performed using unpaired t-
test. �� P< 0.01, �P< 0.05. (D). The a diversity is measured using qiime pipeline. (E). Increased gut permeability and decreased tight junctional proteins in tumor bearing
mice. The FITC-dextran (MWav D 4000; FD4) at 80 mg/mL (in 1X PBS) was administered by oral gavage (600 mg/kg bodyweight) to fasted mice. The fluorescence of FITC
was measured in plasma after 2 hrs to estimate amount of FD4 leaked into blood and percent FD4 calculated using WT as base line. FD4 was significantly increased in
BLT1¡/¡ApcMin/C compared with ApcMin/C(�P< 0.05) and in ApcMin/C compared with WT (�P< 0.05). (F). The mRNA levels of Cldn 5 and Jam C proteins was measured by
RT-PCR using SyBr green. The mRNA levels were significantly reduced in tumors of ApcMin/C and BLT1¡/¡ApcMin/C mice.

e1361593-12 V. R. JALA ET AL.

http://qiime.sourceforge.net/&num;


BLT1¡/¡ApcMin/C was further confirmed by independent
assays based on real time PCR (Fig. 7C) and cloning of fecal 16
S rRNA gene amplicon and sequencing individual clones (data
not shown). Interestingly, the analysis of MyD88¡/¡ApcMin/C

and BLT1¡/¡MyD88¡/¡ApcMin/C microbiota also suggested
that lack of BLT1 in ApcMin/C background resulted in increase
in Verricomicrobia (Akkermansia muciniphila) (6.84% vs
0.94%) and Firmicutes (24% vs 20%) and decrease in Bacteroi-
detes (67% vs 58%) indicating the role for BLT1 in MyD88
independent manner to modulate the gut flora in ApcMin/C

mice (Fig. 7A). It is important to note that even in the absence
of ApcMin/C mutation in BLT1¡/¡MyD88¡/¡ mice showed an
increase in Akkermansia suggesting that the BLT1 and MyD88
synergistically control the Akkermansia. However, in the con-
text of ApcMin/C mutation, lack of BLT1 alone is sufficient to
allow the outgrowth of Akkermansia. The a rare fraction analy-
sis of observed species among ApcMin/C and BLT1¡/¡ApcMin/C

shows distinct genotype associated differences between the
groups (Fig. 7D).

Adenoma induced barrier dysfunction is a major contribu-
tor to the progression of colon tumors in ApcMin/C models.52

Barrier dysfunction leading to intestinal permeability was
measured in dextran-FITC fed mice. As shown in Fig. 7E, the
mice in ApcMin/C background (both BLT1¡/¡ApcMin/C and
BLT1C/CApcMin/C) showed increased intestinal leakage of
dextran FITC into blood compared with non-cancerous mice
suggesting damage of intestinal barrier in tumor bearing
mice. The leakage of dextran-FITC is significantly more in
BLT1¡/¡ApcMin/C mice possibly due to increased tumor bur-
den. The expression analysis of junctional proteins revealed a
significant reduction in Cldn5 and Jam-C mRNA expression
in colon tumors compared with normal colon (Fig. 7F). These
results suggest that adenoma induced barrier dysfunction
likely forms the basis for host genotype dependent reshaping
of microbiota (Fig. 7A).

Discussion

Leukotriene B4 and its receptors have been a major focus in
diverse inflammatory diseases over the past 2 decades. An
emerging view from these studies is that inflammation pro-
moted by the high affinity LTB4 receptor BLT1 is detrimental
and is coincidental with the development and progression of
asthma,28 arthritis,29,30 atherosclerosis27 and lung cancers.53

The results presented here outline a beneficial role for BLT1-
mediated inflammation in host response to mucosal infections
and control of spontaneous intestinal tumor development in
ApcMin/C mice.

In the ApcMin/C mice most adenomas develop in the
small intestine.21 This is in contrast to Apc mutations in
humans that invariably lead to colon tumor development.
The BLT1¡/¡ApcMin/C model described in this study, while
retaining the small intestine specificity of the mouse
ApcMin/C, develops very large multiple colonic adenomas
reminiscent of human colon cancers. This phenotype
retains the requirement for early mutations in the APC
gene as the BLT1¡/¡ mice do not develop any spontaneous
tumors in colon. Previous studies have shown that regula-
tors of the eicosanoid pathways such as cPLA2, COX2 and

prostaglandin E2 receptor (EP2) to be tumor promoting in
ApcMin/C mice,54-57 but the role of LTB4/BLT1 pathway
was unknown. Use of dual 5-LOX/COX inhibitor, licofe-
lone reduced the overall tumorigenesis in ApcMin/C mouse
model suggesting importance of leukotriene pathway in
tumor development.58 In support of this observation, 5-
LO¡/¡ in APCD468 background led to a dramatic reduction
in the number and size of intestinal polyps.59 It was sug-
gested that haematopoietic expression (mast cells) of 5-LO
is critical in recruitment of myeloid-derived suppressor
cells (MDSCs) to promote tumorigenesis in this model.59

We also generated 5LO¡/¡ApcMin/C compound mice in our
laboratory and evaluated the survival of mice. The defi-
ciency of 5-LO increased the survival of ApcMin/C mice as
well as reduced their anemic status (Supplementary
Figure 7A and B). Importantly, 5LO¡/¡ApcMin/C displayed
decreased polyps number (Supplementary Figure 7C) sug-
gesting that 5-LO might play a role in tumor initiation cor-
roborating with phenotype of 5-LO¡/¡APCD468. Thus, 5-LO
derived products other than LTB4 could have a direct pro-
motional activity on intestinal tumors. In this context, cys-
tinyl leukotriene receptor 1 (CysLT1) deficient mice in the
ApcMin/Cbackground were shown to display reduced tumor
burden.60 Previously, Dreyling et al. showed that LTB4 lev-
els are significantly increased in human gastrointestinal
adenocarcinoma compared with normal colonic mucosa.61

In ApcMin/C mice, it was demonstrated that small intestinal
tumors produced significantly higher levels of LTB4.

62

Mucosal mast cells might be the initial source of LTB4 that
recruit additional LTB4 producing (granulocytes) cells
involved in host response to infections.

The unexpected observations made in this study with
BLT1¡/¡ mice suggests that LTB4 pathway protects ApcMin/C

mice from developing intestinal tumors. Several lines of evi-
dence point to an important role for BLT1 in host response to
infection. The decrease in multiple antibacterial proteins at the
mucosal surfaces and in intestinal tumors in BLT1¡/¡ApcMin/C

mice as well as decreased neutrophils influx and increased bac-
terial loads in response to peritoneal E. coli infection (Supple-
mentary Figure 8) suggests that BLT1 is a mediator of host
response to infection. These observations are consistent with
the earlier findings that LTB4 directly activates production of
b-defensins63,64 as well as decreased inflammatory cell influx in
a model of septic peritonitis.65 Addition of LTB4 was also
shown to increase in bactericidal activity of alveolar macro-
phages from 5-lipoxygenase deficient mice.66 The increased
susceptibility to DSS induced colitis and increased bacterial
load in BLT1¡/¡ mice also support the notion that BLT1 is a
critical mediator of host defense mechanisms. The protective
role of BLT1 in colon tumor progression is also evident in the
AOM-DSS induced colon cancer in mice (Fig. 3).

The complete absence of colon tumors in germ-free BLT1¡/¡

ApcMin/C mice and their reappearance upon fecal transplanta-
tion from SPF BLT1¡/¡ApcMin/C mice suggests that microbiota
induced inflammation is a critical step in the development of
spontaneous colon tumors. Interestingly, small intestinal tumor
progression in BLT1¡/¡ApcMin/C mice is bacteria independent
as evident from unaltered tumor burden in germ free mice
(Fig. 5) that may be controlled by immune surveillance
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mechanisms. In this regard, we recently demonstrated using
transplantable cervical cancer (TC1) and B16 melanoma models
that expression of BLT1 on CD8C T-cells is required for their
migration into tumors to elicit effective anti-tumor immu-
nity.67,68 In these models, we showed accelerated tumor growth
and decreased survival in BLT1¡/¡ mice compared with wild
type mice. T cell depletion and adoptive transfer of CTLs into
Rag2¡/¡ mice showed requirement for BLT1 on CD8C T cells
for effective immune surveillance. Numerous studies with
human cancers showed a strong correlation between CD8C T
cell infiltration and long-term survival.69 Our studies highlighted
the critical nature of BLT1/LTB4 axis in the process of CTL
recruitment to the sites of tumors for effective immune
surveillance.

The current studies have uncovered a synergy between TLR-
mediated inflammation and BLT1 mediated antibacterial
response as seen by the lethal neonatal sepsis in BLT1/MyD88
double deficient mice. MyD88 was shown to directly influence
the gut flora and these alterations have direct consequence to
disease development.70 The significant decrease in tumorigene-
sis in BLT1¡/¡MyD88¡/¡ApcMin/C suggests that BLT1 acts
upstream of MyD88 promoted inflammation in colon tumori-
genesis. A single copy of MyD88 gene is sufficient to promote
tumor growth in ApcMin/C model (Fig. 6E-G) indicating the

critical nature of MyD88 signaling cascade in tumor progres-
sion. Absence of MyD88 is highly protective in the small
intestinal tumor despite lack of immune surveillance mecha-
nisms mediated by BLT1 (BLT1¡/¡MyD88¡/¡ApcMin/C) sug-
gesting a critical role for MyD88 in intestinal epithelial cell
(IECs) proliferation apart from its classical role in host-defense
mechanisms. In this regard, it was demonstrated that non-hae-
matopoietic cells, such as IECs, required MyD88 for intestinal
tumor growth.71 It was suggested that TLR ligands derived
from microbiota mediate the IEC tumor growth through ERK
activation by stabilizing/increasing abundance of Myc protein,
the product of oncogene c-Myc. Interestingly, our studies dem-
onstrate that germ-free BLT1¡/¡ApcMin/C mice did not alter
the small intestinal tumor growth suggesting, bacterial indepen-
dent, but MyD88 dependent tumor growth through yet
unknown mechanisms. In contrast to spontaneous intestinal
tumor model, deficiency of MyD88 in AOM-DSS induced
colon tumor model significantly increased the colon tumor bur-
den.72 However, it is possible that extensive breach in the intes-
tinal barrier caused by DSS could lead to leaky gut and
bacteria, which will not be cleared in MyD88¡/¡ mice leading
to significantly increased inflammation associated colon tumors.

Microbiota is known to play a critical role in modulating
the both innate and adaptive immune systems as well as

Figure 8. Interplay of BLT1 and MyD88 Signaling in Intestinal tumor development: Adenoma induced barrier dysfunction in ApcMinC mice induces tumor promoting
inflammation. Absence of BLT1 amplifies tumor initiated microbial dysbiosis leading to both bacteria (germ-free) and MyD88 dependent inflammation that promotes
tumor progression.
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regulate various disease conditions.73-80 Our analysis of the 16
S rRNA gene sequences from fecal material of ApcMin/C and
BLT1¡/¡ApcMin/C showed major and distinct differences with
an increase in Akkermansia muciniphila in BLT1¡/¡ApcMin/C

compared with ApcMin/C mice. A. muciniphila (belongs to
Verrucomicrobia phylum) is known as a mucin degrading
bacteria present in the human intestines.81-83 A. muciniphila
represented a relatively large percentage of sequences in
human fecal microbiota of colon cancer patients,84 ulcerative
colitis-associated pouchitis85 compared with healthy people.
Mucin acts as a protective barrier between the intestinal con-
tents and the mucosal wall and it is possible that enhanced
degradation of mucin in BLT1¡/¡ApcMin/C makes the intes-
tines more permeable to pathogenic bacteria resulting in
increased inflammation. Consistent with this notion, studies
showed that a mucin deficient ApcMin/C mice (Muc2¡/

¡ApcMin/C) develop significant colon tumor burden.86 Addi-
tional subtype taxonomy analysis (Supplementary Fig. 9)
revealed that bacteria belonging to family S24–7
(Bacteroidetes phylum) are significantly downregulated in
BLT1¡/¡ApcMin/C mice. But absence of MyD88¡/¡ in this
context did not the alter the bacterial populations of S24–7.
Most interestingly, Prevotella and bacteria belonging to
Rikenellaceae are absent in mice lacking of MyD88 indepen-
dent of ApcMin/C mutation. The importance of these findings
require additional studies. It is interesting to note that
increase in A. muciniphila is BLT1 dependent (in context of
either MyD88¡/¡ or ApcMin/C background), but requires
MyD88 to promote colon tumorigenesis. The most significant
observation of the current studies is the direct link between
the altered microbiome in BLT1 deficient mice to increased
MyD88 dependent inflammation in the intestinal tumors in
the BLT1¡/¡ApcMin/C mice.

Defective expression of tight junctional proteins (intestinal
barrier proteins) such as JAM-A, JAM-B was an early event in
colorectal cancer tumorigenesis followed by upregulation of IL-
23 and IL-17 by microbial products to promote inflammation
mediated colorectal cancer.52 Our results also suggests that
decreased expression of the junctional proteins (Cldn5 and
JAM-C) and increased intestinal permeability in mice harbouring
ApcMin/C mutation. Defective host response in combination with
increased intestinal permeability in BLT1¡/¡ApcMin/C mice likely
resulted in reshaping of the gut microbiota leading to increased
inflammation and tumorigenesis. Further studies are needed to
define the role of individual bacteria in promoting colon tumors.

These results suggest an intricate interplay of host response
and inflammation in tumor development (Fig. 8). Adenoma
induced barrier dysfunction in ApcMinC mice initiates epithelial
breach and induces inflammation. Absence of BLT1 in colon
alters the host response reshaping the gut microbiota and sets
up conditions for enhanced chronic inflammation and tumor
promotion. The ensuing microbial dysbiosis amplifies bacteria
induced colonic inflammation primarily through activation of a
set of bacterial ‘sensors’ exemplified by the typical TLR pathways
that mobilize a group of ‘mediators’ such as the IL-6 and inflam-
matory chemokines to clear these mucosal infections.87 Under
germ-free conditions or in the absence of MyD88, loss of bacte-
ria induced inflammation prevents tumor progression. Our
results highlight the importance of BLT1 mediated early

inflammation in reducing dysbiosis, the underlying cause of gut
inflammation and protecting from colon tumor development.
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